from different points of CMWR and analyzed for anions, heavy metals, and microbial community structure using standard procedures. Most of the parameters exceeded the limits set by the Chinese government. However, the concentrations of some selected parameters such as pH, BOD, DO, and DOC and heavy metals were significantly (P=0.05) varied and exhibited a reduction from the inlet to the outlet of CMWR. Bacterial diversity was studied by the combined polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) and cloning approach. The PCR-DGGE profiles showed the presence of 10 common bands in the seasonal samples of the reservoir indicating the high similarities among the bacterial populations existing during the two seasons. Furthermore, the DGGE profiles also evidenced the existence of some unique bands suggesting that the differences in bacterial diversity may be caused by the different environmental conditions. 22 major bands from the DGGE profiles were further reamplified, cloned, and sequenced. The results of sequencing analysis indicated the presence of Rheinheimera sp., Acidithiobacillus ferrooxidans, Afipia sp. and Burkholderia sp. as the dominant bacterial species in the CMWR samples. The Afipia sp. and Burkholderia sp. were found in summer samples only while most of the other species were common in both the seasons. Finally, the Copper mine wastewater was deficient in nutrients but enriched with the bacterial diversity of the extremophiles.
INTRODUCTION
Environmental contamination with heavy metals, origi-nating from both natural and anthropogenic activities, has become a global concern due to its adverse effects on vegetation cover, food crop quality, human health, water resources and microbial diversity, and functionality in the environment (Guo et al., 2009; Khan et al., 2008) . Mining is one of the major anthropogenic activities resulting in the release of heavy metals into the environment 7892 Afr. J. Biotechnol. (Passariello et al., 2002; Wang et al., 2009 ). Copper mining (CM) generates a huge quantity of wastes possessing high concentrations of heavy metals (Yin et al., 2008) . Furthermore, the wastewater generated from the CM activities is acidic in nature and leads to not only the pollution of surface water and groundwater resources but also deteriorates the bacterial community structure in the aquatic ecosystems (Foster et al., 2008) .
Typically, the bacterial community structure is charac-terized by numerous factors including pH, temperature, concentrations of oxygen and carbon dioxide, nutrients, electron acceptors, carbon contents, and heavy metals etc (Compton et al., 2004; Fey and Conrad, 2000; Khan et al., 2007; Kopke et al., 2005; Zhou et al., 2002) . The mining wastewater exhibits a complex environment and displays the unique geochemical properties (Feris et al., 2004) . Despite their distinctive characteristics, the mining wastewater possesses various bacterial species such as Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans, Acidithiobacillus caldus and Leptospirillum ferrooxidans and common prokaryotic chemolithotrophs . Both cultural and non-cultural based techniques have been employed by researchers to investigate the bacterial community structure and the diversification in the environmental samples. Cultural-based analysis is not considered an appropriate technique to study the charac-terization of microbial communities (DeLong, 1992) .
In order to investigate the relationship between the chemistry of mining wastewater and bacterial community structure changes, it is essential to study the bacterial diversity by using the advanced molecular techniques such as polymerase chain reactiondenaturing gradient gel electrophoresis (PCR-DGGE). This method has recently been utilized to investigate microbial diversity. DGGE offers a very good analytical opportunity to overcome the limitations and shortcomings associated with the culture based techniques and moreover, it aids in discerning the mechanism involved during the microbial diversity and functionality in the environment (Malik et al., 2008) . The responses of bacterial community in aquatic bodies, dealing with the heavy metal contaminations, pre-sent a very appropriate model for the ecological studies in assessing the adverse impacts of environmental characteristics. However, during the bacterial community study, other environmental factors are also considered *Corresponding author. E-mail: idd_nwa2000@yahoo.com. Tel: 86-13501319042. Fax: 86-10-62333893.
Abbreviations: CM, Copper mining; CMWR, copper mining wastewater reservoir; PCR-DGGE, polymerase chain reactiondenaturing gradient gel electrophoresis; COD, chemical oxygen demand; DOC, dissolved organic carbon; DO, dissolved oxygen; BOD, biological oxygen demand; LB, Luria-Bertani; BLAST, Basic Local Alignment Search Tool. such as pH, anions, and heavy metals. Previously, several researchers have studied the mining water composition and the variability in the micro-bial community structure (Foster et al., 2008; Wang et al., 2009 ). However, further research work is needed to discern the geochemical characteristics of mining waste-water and the relationship among the composition of wastewater, bacterial distributions, and diversity. In the present work, the seasonal change in CM's wastewater chemistry and bacterial diversity was investigated by using PCR-DGGE with subsequent cloning techniques.
MATERIALS AND METHODS

Site description
The study site (Yongping Copper Mine) is located in Shangrao City, Jiangxi Province, in the southeast of China. It is an open pit type mine owned by Jiangxi Copper Company limited. The mine wastewater is collected in a reservoir with total area of about 1 km 2 and 10 m depth. The water has brownishred color with no visible life.
Samples collection
Water samples were collected in winter (December, 2008) and summer (May, 2009 ) from different spots near inlet, middle, and outlet of the Copper Mining Wastewater Reservoir (CMWR). Samples were taken in triplicates from each spot 1 -3 m deep by electric pump. Samples for chemical oxygen demand (COD), dissolved organic carbon (DOC), sulfides, and heavy metals analyses were treated on the spot according to standard methods (APHA et al., 1998) . For bacterial community study, 10 to 15 L water sample from each location was filtered on the spot using filtration system (0.22 µm) provided with the kit (UltraClean TM Water DNA Isolation Kit, MO BIO Laboratories, Inc., CA). Both the filters and water samples were transported aseptically and stored at 4°C for further analyses.
Physiochemical analysis
Temperature, pH, and dissolved oxygen (DO) were determined in situ using the respective electrodes. Samples were prepared for measuring biological oxygen demand (BOD5) within 24 h and measured by membrane electrode method. Sulfate concentrations were measured turbidimetrically, and sulfide was measured iodometrically (APHA et al., 1998) . Dissolved organic carbon (DOC) was determined with Liqui TOC II (Elementar Analysensysteme GmbH Donaustrasse 7 D-63452 Hanau, Germany) (Liu and Sheu, 2003) . Chemical oxygen demand (COD) was measured photometrically (Spectroquant TR420 and Nova60, Merck, Germany) (Ehlers and Rose 2005) . Dissolved heavy metals were analyzed by atomic absorption spectrometry (AA-6300, Shimadzu, Japan).
DNA extraction and PCR amplification
The genomic DNA was extracted directly by using UltraClean TM Water DNA Isolation Kit (0.22 µm) (MO BIO Laboratories, Inc., CA) according to the manufacturer's protocol. The extracted DNA was quantified spectrophotometrically and stored at -20°C for further use.
Two-step nested PCR amplification was performed to obtain 16S rRNA fragments suitable for DGGE. In the first step, a nearly complete 16S rRNA gene fragment was amplified using the universal primer pair 9bfm (GAGTTTGATYHTGGCTCAG) / 1512uR (ACGGHTACCTTGTTACGACTT) (Muhling et al., 2008) . A typical PCR reaction was performed with an Eppendorf Mastercycler, in 25 µl volumes as follows; 1.25 U of LA Taq (Takara Bio Inc.), 2.5 µl of 10× LA PCR buffer II (Mg 2+ Plus), 0.4 mM of each dNTP, 1 µl of each primer (10 µM), was made up to 25 µl with DNA-free water. Then 10 -50 ng of template DNA was added to the PCR mixture. The PCR was performed at initial denaturation step of 4 min at 95°C and 30 PCR cycles were performed (95°C for 60 s, 52°C for 60 s and 72°C for 90 s) followed by a final extension step at 72°C for 10 min.
To generate products suitable for DGGE, a second round of amplification was performed with DGGE primers 954F (GC) (5"-GCACAAGCGGTGGAGCATGTGG-3) and 1369R (5"-GCCCG-GGAACGTATTCACCG-3) using the product of the first round as template (Yu and Morrison, 2004) . To the 5' end of primer 954F a 40-bp GC-rich sequence (GC-clamp) was attached (Muyzer et al., 1993) . A 50 µl volume of PCR mixture contained 2.5U of LA Taq (Takara, Japan), 25 µl of 2× GC buffer I (Takara), 0.8 mM of dNTPs, 1 µl of each of the primers (10 mM), 1.25 µl of bovine serum albumin (BSA) (10 mg/ml), 1 µl of template DNA (20× diluted first PCR product), and DNA-free water was added up to 50 µl. After an initial denaturation at 94°C for 5 min, 10 cycles of touchdown PCR were performed (denaturation at 94°C for 30 s, annealing at 61°C for 30 s with an 0.5°C/cycle decrement until the theoretical annealing temperature 56°C was reached, and extension at 72°C for 1 min), followed by 25 cycles of regular PCR (94°C for 30 s, 56°C for 30 s, and 72°C for 1 min) and a final extension step for 10 min at 72°C. Negative control was included, containing all the components except DNA. Each time, amplification of PCR products of the proper size was confirmed by electrophoresis through a 1.0% 1× TAE agarose gel stained with Gold View TM Nucleic Acid Stain (SBS Genetech Co., Ltd).
DGGE analysis
DGGE was performed with a DCode TM Universal Mutation Detection system (Bio-Rad Laboratories, Hercules, CA.) according to the manufacturer's instruction. Six percent (6 (w/v) polyacrylamide gel (37.5:1) with a denaturant gradient from 35 to 60% (100% denaturants consisting of 40% [v/v] formamide and 7 M urea) (Muyzer et al., 1995) was used in 1× TAE buffer for analyzing fragments amplified using 954F (GC)/1369R. The DGGE gel was run at 60°C, first for 10 min at 20 V and then for 8 h at 100 V. Subsequently, the gel was stained with SYBR Gold for 30 min, and gel images were obtained using the G:Box (Syngene, Synoptics Limited. England). After the gel image analysis with Quantity One software (Bio-rad Laboratories), major bands were excised from the gel, and stored in 30 µl TE buffer at 4°C overnight. Then after centrifugation for few seconds, 2 µl of supernatant was used as template and re-amplified using the primers 954F/1369R (without GC clamp).
Cloning and sequencing of DGGE fragments
The re-amplified PCR products (using primers 954F/1369R without GC clamp) were gel purified and extracted with an EZ Spin Column DNA Gel Extraction Kit ( Biotechnology Department Bio Basic Inc. (BBI), Ontario, Canada). Purified fragments were ligated with pBS-T II vector kit (Tiangen Biotech Co., Ltd. Beijing) according to the manufacturer's protocol. After transferring to Escherichia coli DH5 competent cells and culturing, the transformants were selected by blue-white selection on Luria-Bertani (LB) agar plates containing 40 µl of the 5-bromo-4-chloro-3-indolyl -D-galactopyranoside (X-Gal) solution (20 mg/ml), 20 µl of 100 mM IPTG and 20 µl ampicillin (50 mg/ml). Cloned inserts were amplified by PCR with plasmid-vector specific primers M13F (5-GTAAAACGACGGCCAG-3) and M13R (5-CAGGAAACAGCTATGAC-3). Clones were sequenced with an automated sequencer (Sunbiotech Company, Beijing, China).
Phylogenetic tree analysis
Partial 16S rRNA sequences were compared with sequences in the GenBank database using the Basic Local Alignment Search Tool (BLAST) search tool for the identification of closely related sequences. Phylogenetic tree was constructed using MEGA version 4.0 by the neighbor-joining algorithm, and the Jukes-Cantor distance estimation method with bootstrap analyses for 1000 replicates was performed.
Nucleotide sequence accession numbers
The nucleotide sequences of partial 16S rRNA genes, reported in this study, have been deposited in the GenBank database under accession numbers: GU979829-GU979850.
Data analysis
All analyses were performed in triplicate and the data were statistically analyzed using the statistical package SPSS 17.0. The measures were expressed in terms of mean and standard deviation of triplicate. Statistical significance was computed using Duncan's multiple range test and paired-samples t-test, with a significance level of P < 0.01.
RESULTS AND DISCUSSION
Physio-chemical parameters Table 1 summarizes the average values of physio-chemical parameters in the wastewater samples collected from inlet, middle and outlet of the reservoir. In the wastewater samples, the temperature values exhibit a big variation from winter to summer but with a little change from inlet to outlet of the CMWR. However, the pH values demonstrate both the seasonal as well as the spatial changes, ranging from 2.10 -2.60 and reaches beyond the permissible limit (6 to 9) set for industrial and sewage wastewater (MEP, 2002) . These findings are quite consistent with those reported by Chen et al. (2008) . The analysis of variance (ANOVA) analyses indicated that the pH values in the outlet wastewater samples are not significantly higher (P < 0.01) than that in the inlet of the CMWR, indicating that the pH has not been greatly affected by impounding the CM wastewater into the reservoir. A slight variation (13.6%) in the pH values is 7894 Afr. J. Biotechnol. observed from inlet to outlet of the reservoir. This enhancement in pH is very conducive to the development of the ecological community in the wastewater which in turn further increases the pH of wastewater as reported by Chen et al. (2008) .
The DO values in winter were higher than those in the summer. In addition the samples of outlet have been observed to display lower (P < 0.05) values compared with the inlet of the CMWR. Other chemical parameters are not significantly affected by the seasonal changes in temperature. Like DO, COD values also depreciate from inlet to outlet but the overall reduction is insignificant (P < 0.05). The BOD values depict a picayune enhancement (P < 0.05) from inlet to outlet. However, the decrement in DO (39.5%) is associated with the increment in BOD values from inlet to outlet of the CMWR. The depletion of DO may account for the more anoxic nature of the aquatic ecosystem environment. This kind of environment would likely support a community of anaerobic bacteria, which have a competitive advantage over strict aerobes and anaerobes under conditions of varying DO concentrations (Foster et al., 2008) . In the wastewater samples, the increase in DOC can lead to an enhancement in the BOD values in the aquatic system which may further result in the DO reduction as observed in this study. The findings of this study are in contradiction with those reported previously by Foster et al. (2008) . The SO 4 2-and sulfide concentrations have also been estimated in the samples of CMWR. The SO 4 2-concentrations are extremely higher than the permissible limit targeted for industrial and agricultural uses (MEP, 2002) . The value for SO 4 2-concentrations is significantly smaller (P < 0.05) in the outlet sample compared to that in the inlet ones. The decrease in SO 4 2-value may be related to its reduction into sulfides (Foucher et al., 2001; Luptakova and Kusnierova, 2005) . Table 3 depicts the Pearson's correlations data of different parameters evaluated for the wastewater. The results indicate a strong negative correlation for pH with DO, SO 4 2-and COD, while a strong positive correlation has been observed for pH with DOC, BOD, and sulfides. Similarly, a strong positive correlation is recognized for DO with SO 4 2-and COD and a strong negative correlation is noticed for DO with DOC, BOD, and sulfides. A strong negative correlation has been perceived between DOC and COD with a strong positive correlation between DOC and BOD. Table 2 summarizes the heavy metal concentrations in the wastewater samples collected from inlet, middle, and outlet of CMWR. Cd concentrations significantly decrease (P < 0.01) with an increase in the distance from inlet to outlet of the CMWR. The data of the present study are not in agreement with those reported by Milu et al. (2002) but consistent with those observed by Foster et al. (2008) . The 60% decrease in Cd concentrations from inlet to outlet of the CMWR implies that the impounding of CM Islam-ud-din et al. 7895 Table 3 . Pearson correlations among different parameters in wastewater samples collected from CMWR. wastewater has significantly reduced the contents of Cd. Like Cd, Cr concentrations decrease with increasing distance from the inlet to outlet. Typically, the Cr contents can significantly be minimized by impounding of CM wastewater. The data regarding Cu concentrations also contradict with those reported by Salvarredy-Aranguren et al. (2008) and Yin et al. (2008) . However, the decrease in Cu concentration indicates that the impounding of CM wastewater can minimize the Cu contents. The Fe concentrations estimated in this study are significantly smaller than those reported by Yin et al. (2008) . The Fe concentrations also demonstrate a trifling depreciation (P < 0.05) with increase in distance. Like Fe and Cu, the concentrations of Mn are not significantly (P<0.05) lower in the inlet samples as compared to that in the outlet one. However, the decrease in Mn concentrations from inlet to outlet is higher than Fe concentrations in the CMWR. An insignificant decrease in the concentrations of Ni (P<0.05) is observed with an increase in the distance from inlet to outlet. However, the concentrations of Zn in the sample of outlet is not significantly lower (P<0.05) compared to that of the inlet of the CMWR. As the distance is increased from the inlet, Zn concentrations are decreased. It means that the impounding of CM wastewater may aid also in the minimization of Zn contents. In a word, the decrease in concentrations of selected heavy metals is found in the order of Cd>Cr>Ni>Cu>Zn>Mn>Fe. This decrease in heavy metal concentrations in the CMWR may be attributed to the settling and precipitation. Removal of heavy metals from aqueous media takes place through several methods but settling/precipitation is one of the most essential techniques used for the minimization of heavy metals in wastewater. Settling is a simpler, efficient, and relatively cost effective process for the separation of heavy metals from mining wastewater (Feng et al. 2004). 7896 Afr. J. Biotechnol. Table 3 displays the Pearson's correlations data of heavy metals with other parameters investigated in the wastewater. The relationship values between pH and heavy metals range from -0.891 to -1.000, indicating a strong negative correlation between pH and heavy metals. The acidic nature (low pH) of CM wastewater can increase the solubility of metals in water. However, a strong positive correlation, ranged over 0.777 -0.999 and 0.807 -1.000 is observed for heavy metals with DO and SO 4 2-, respectively. A strong negative correlation ranging from -0.742 to -1.000 and from -0.866 to -0.996 is noticed for heavy metals with DOC and BOD, respectively. However, a strong positive correlation is found between heavy metals and COD and its values range from 0.870 to 0.980. Figure 1 shows the DGGE profiles of 16S rRNA gene fragments obtained from water samples collected in winter and summer from CMWR. In this study, the DGGE profiles reveal some variations in the banding patterns of the samples collected in two different seasons resulting in a modification in the bacterial community structure associated with the seasonal change of temperature. On the other hand, the same banding patterns for sample scollected from different points of the reservoir indicated no major changes in the bacterial community structure in all the samples collected from inlet, middle and outlet. The majority of bands are almost evenly localized, and more bands appear in the lower parts of the gel under higher denaturing conditions.
Heavy metals
Parameter pH
Bacterial diversity
The samples collected in December exhibit fewer bands than those of May. This may be ascribed to the change in water temperatures. There are 10 common bands (bands number; 2, 5, 12, 14, 16, 17, 18, 20, 21 and 22) in both the seasonal samples. In this study, the DGGE profiles also demonstrate the similar banding pattern in the samples of different locations attributed to the plasticity of bacteria in CMWR. Phylogenetic tree of the cloning sequences obtained for all DGGE bands Like this study, the acidophilic bacteria have also been reported in CM water and soil by numerous researchers in the past, which play an important role in environmental ecosystem and the biotechnological processes (Hallberg and Johnson, 2001; He et al., 2007; Xiao et al., 2009) . A. ferrooxidans is a chemolithoautotrophic gram-negative bacterium that derives energy and electrons from the oxidation of ferrous iron or sulfur and various reduced sulfur compounds at low pH (2) by using oxygen as the electron acceptor. Being an autotrophic organism, A. ferrooxidans fixes CO 2 and N under different schemes such as Calvin-Bassham-Benson scheme and microaerophilic conditions, respectively. According to Ohmura et al. (1999) and Drobner et al. (1990) , A. ferrooxidans are able to grow on hydrogen as an energy source both aerobically and anaerobically by the dissimilatory reduction of Fe (III). Previously, it is reported that A. ferrooxidans is active in the solubilization of Cu and in the processing of refractory gold ores in bioleaching operations and is also a contributor to acid mine drainage (Levicán et al., 2002) .
However, Afipia sp. belongs to alpha-proteobacteria usually present in oligotrophic conditions and isolated from different environmental samples. Previously, the Afipia sp. has also been reported from the membrane of drinking water treatment (Chon et al., 2009 ). Like A. ferrooxidans, Rheinheimera sp. belongs to gammaprotobacteria and it is gram-negative and anaerobic in nature. Rheinheimera sp. utilizes different carbon sources and gives positive tests for starch and gelatin hydrolysis and nitrate reduction along with oxidase and catalase as the major activities (Merchant et al., 2007) . Like other bacteria, the Rheinheimera sp. has also been isolated from different environmental samples including seawater (Yoon et al., 2007) and freshwater (Merchant et al., 2007) . The Burkholderia (previously part of Pseudomonas) genus name refers to a group of virtually ubiquitous gram-negative, motile, obligately aerobic rod-shaped bacteria. It includes both animal/human and plant pathogens as well as many species having the potential for agricultural or environmental purposes, such as biological control, bioremediation, atmospheric nitrogen fixation and plant growth stimulation (Salles et al., 2004) . It belongs to Betaproteobacteria and comprises over 30 species (Coenye and Vandamme, 2003) . Characteristically, the CM wastewater has limited nutrients but also enriched in the bacterial diversity. Similar results have also been reported by Bunce et al. (2001) .
Conclusions
Wastewater of Copper mining is highly contaminated with different pollutants and the most of the chemical parameters are little influenced by the seasonal changes in water temperature. However, the impounding of wastewater has brought about significant alterations in the selected parameters. The most of the parameters are found well beyond the permissible limits set by MEPChina. However, the PCR-DGGE followed by the subsequent cloning approach reveals that the bacterial community diversity is rich. In addition, Rheinheimera sp., A. ferrooxidans, Afipia sp. and Burkholderia sp. are the dominant species in the CMWR. It is also evident that the seasonal changes in the water temperature lead to some variations in pH and DO contents of the water which further in turn results in the modification of the bacterial diversity.
